The effect of carbachol on free intracellular calcium concentration, ([Ca 2+ ]|) and on intracellular hydrogen concentration (pHJ was determined from fluorescence signals obtained from rat ventricular myocytes. Application of carbachol (300 /xmol/1) to quin2-loaded myocytes bathed in 2 mmol/1 Ca 2+contalning solution caused [Ca 2+ L to increase within 7-10 minutes from 182 ± 9 to 212 ±11 nmol/1 (n = 4). Carbachol acted via stimulation of muscarinic receptors because atropine (1 /xmol/1) either prevented or abolished the increase in [Ca 2+ ],. Carbachol also produced a positive inotropic effect in rat papillary muscles contracting isometrically at a frequency of 0.5 Hz and enhanced contracture in resting preparations in the presence of high extracellular Ca 2+ concentration ([Ca 1 *]^ (20 mmol/1).
C arbachol has been reported to produce a positive inotropic effect in mammalian ventricular myocardium, probably by binding to the lowaffinity state of muscarinic receptors. 1 " 4 This effect is distinct from the well-known negative inotropic effect of choline esters that occurs at concentrations 100-fold lower and depends on the presence of cyclic AMP-elevating agents. 5 It has previously been proposed that the positive inotropic effect of high concentrations of car-bachol is due to an increase in intracellular Na + activity (a' Ni ), which enhances force of contraction by increasing intracellular Ca 2+ concentration ([Ca 2+ ]i) via Na + -Ca 2+ exchange.' However, whether the rise in a' N , indeed leads to an increase in [Ca 2+ ]j is still an unresolved question.
Recent observations indicate that stimulation of the low-affinity state of muscarinic receptors by carbachol is associated with enhanced turnover of membrane phosphoinositides. 67 Products of phosphoinositide turnover that might act as second messengers include inositol-l,4,5-trisphosphate (IP3) and diacylglycerol. Studies in various preparations have shown that both products can alter intracellular Ca 2+ and Na + homeostasis. IP3 has been suggested to release Ca 2+ from intracellular stores, presumably the endoplasmic or sarcoplasmic reticulum, 8 and to increase transmembrane Ca 2+ influx. 910 Diacylglycerol that has been shown to activate Na + -H + exchange via protein kinase C" could have increased pHi and a' Ni , which in turn was then exchanged for extracellular Ca 2+ via Na + -Ca 2+ exchange. Consequently, it was of interest to investigate in the present study whether 1) carbachol induces a rise in [Ca 2+ ]i; 2) the increase, if it occurs, is due to Ca entering the cell from the outside or due to release from intracellular stores; and 3) the rise in [Ca 2+ ]i can be linked to Na + -H + exchange via stimulation of protein kinase C.
Measurements of [Ca 2+ ], and pHj were, therefore, carried out on enzymatically dissociated rat ventricular myocytes using the fluorescent intracellular indicators quin2 and 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein (BCECF). The influence of extracellular Ca 2+ ([Ca 2+ ] 0 ), extracellular Na + ([Na + ] 0 ), and compounds that interfere with the Ca 2+ storage capacity of the sarcoplasmic reticulum was also studied in the presence of carbachol. For comparison, phorbol 12myristate 13-acetate (the phorbol ester PMA), an activator of protein kinase C, was used to stimulate Na + -H + exchange. To correlate changes in [Ca 2 +]j with the physiological function of the heart, force was measured in rat papillary muscles.
Some of the results have been communicated in a preliminary form. 1213
Materials and Methods
The method for myocyte isolation has been described previously. 14 " 16 Briefly, isolated myocytes were prepared from ventricles of adult male Sprague-Dawley rats by enzymatic dissociation. After the rats were anesthetized with ether, the thorax was opened, and the heart, along with a 5-mm section of the aortic arch, was quickly excised. The heart was then attached to a cannula inserted into the aorta and perfused with Jpklik tissue culture medium (GIBCO, Grand Island, New York) containing collagenase (Worthihgton, Type I and II) and various concentrations of CaCl 2 . After dissociation, the cells were suspended in a bicarbonate-buffered Krebs-Henseleit solution containing (in mmol/1): NaCl 120, KC1 4.8, CaCl 2 2, MgCl 2 2, NaHCO 3 25, KH 2 PO 4 1.2, glucose 10, and bovine serum albumin (fraction V) 2%, adjusted to pH 7.4. At this stage, usually more than 85% of myocytes were quiescent and rod shaped. The cells were then loaded with acetoxymethyl ester forms of fluorescent indicator by incubation with either 25 fiM quin2 AM for 30 minutes or 1 /xM BCECF AM for 30 minutes. After loading, the cells were centrifuged three times at 37g for 1 minute and then resuspended in fresh bicarbonate-buffered Krebs-Henseleit solution to remove extracellular fluorescent indicator. The cells were then stored in bicarbonate-buffered Krebs-Henseleit solution for at least 1 hour before fluorescence measurements were taken. This step gave time for cells to convert indicator from AM form to free acid form. For fluorescence measurements, 2-ml aliquots of loaded myocyte suspension (10* cells/ml) were incubated at 37° C in a quartz cuvette. To maintain pH during the fluorescence measurements, the incubating solution was then changed to HEPES-buffered Krebs-Henseleit solution containing (in mmol/1): NaCl 145, KC1 5, CaCl 2 2, MgCl 2 2, glucose 10, bovine serum albumin 0.1%, HEPES 10 (adjusted to pH 7.4). In this solution, the population of rod-shaped cells was around 5-10% less than that in bicarbonate-buffered solution. Fluorescence was recorded with a Perkin-Elmer LS-5 spectrofluorimeter (Norwalk, Connecticut) equipped with a magnetic stirrer and a thermostated cuvette holder. The cells were gently stirred and oxygenated with 100% O 2 via polyethylene tubing with the outlet positioned near the surface of solution. For [Ca 2+ ]j measurements, monochromator wavelength settings were 339 nm for excitation (3 nm slit width) and 490 nm for emission (10-nm slit width). For pHj measurements, the excitation wavelength was 500 nm (3-nm slit width) and emission wavelength was 530 nm (5-nm slit width). The following precautions were taken to reduce a possible distortion of the signal by leakage of fluorescent indicator to extracellular solution during the course of experiment: 1) only cell suspensions with a viability (rod-shaped and quiescent cells that excluded Trypan blue) >75% were used for experiments; 2) the cells were centrifuged three times at 60g for 0.5 minutes and resuspended in fresh Krebs-Henseleit solution before fluorescence measurements; and 3) the samples were discarded if addition of 25 mmol/1 ethyleneglycol bis -03 -aminoethylether) -N,N'-tetraacetic acid (EGTA) caused a sudden reduction of fluorescence intensity of more than 10% (equivalent to 30-40 nmol/1 [Ca 2+ ]|). As indicated in figures shown in "Results," the leakage of indicator is minimal during the time of experiments because the traces are stable. If the indicator was leaking out of the cells during the course of the experiment, we would expect to see an upward drift of the recording because of higher Ca 2+ concentrations in the external medium. To calculate [Ca 2+ ]|, the following equation was used:
where the dissociation rate constant (Kj) = 115 nmol/1, and F^, is the maximal fluorescence obtained by adding the Ca 2+ ionophore ionomycin (5 //.mol/1) and 20 mmol/1 CaCl 2 to the cell suspension. To obtain the minimal fluorescence ( F^, 20 mmol/1 MnCl 2 was added to quench the dye fluorescence. Neither carbachol, caffeine, nor ryanodine altered the autofluorescence of the cells and the quin2 fluorescence in cellfree solutions. Carbamylcholine chloride (carbachol) and caffeine were obtained from Sigma Chemical, St. Louis, Missouri. Ryanodine was a generous gift of Dr. E.F. Rogers (Merck, Sharp & Dohme, Rahway, New Jersey). For resting force measurements, papillary muscles (diameter 200-500 ^im) were dissected from the right ventricle of rats pretreated with reserpine (5 mg/kg body wt i.p. 24 hours before the experiment). Resting force was set at 2 mN and recorded using an inductive force transducer ( Q l l , lOp, Hottinger Baldwin Messtechnik, Darmstadt, FRG). All experiments were done at 37° C, and the preparations were oxygenated with 100% O 2 . Figure 1A shows a representative experiment in which [Ca 2+ ]j of rat myocytes was measured in the presence of carbachol. At a [Ca 2+ ] 0 of 2 mmol/1, carbachol (300 (imoVl) caused [Ca 2+ ]| to increase within 10 minutes from a before-drug control level of 171 nmol/1 induced increase in myoplasmic free intracellular Ca 2 *-concentration ([Ca 2+ Ji) in isolated rat ventricular myocytes exposed to 2 mmoUl Ca 2+ -containing solution, lonomycin and MnCl-i were added subsequently to obtain maximal and minimal fluorescence, respectively. Panel B:
Results
To measure changes in resting force during intervention, extracellular Ca 2 * concentration had to be increased from 2 to 20 mmolll.
to a peak value of 211 nmol/1. In four experiments, [Ca 2+ ]j was found to be 182 ± 9 nmol/1 before and 212± 11 nmol/1 7-10 minutes after the addition of 300 /imol/1 carbachol (p<0.02). To probe the significance of the rise in [Ca 2+ ] f on myocardial function, rat papillary muscles contracting isometrically at a frequency of 0.5 Hz were exposed to carbachol. As shown in Figure IB , 300 /imol/1 carbachol produced a positive inotropic effect that appeared immediately upon addition of carbachol to the bath solution and attained a new steady state within 5-6 minutes. Similar results were obtained in three other preparations; carbachol increased force of contraction on the average by 32 ± 6 % (n = 4). To demonstrate that the carbacholinduced increase in [Ca 2+ ]j also correlates with an inotropic effect in the quiescent papillary muscle, [Ca 2+ ]j had to be increased close to the threshold required for generating resting force. This was achieved by raising bath [Ca 2+ ] 0 to 20 mmol/1; Figure 1C shows that resting force was significantly augmented in the presence of 300 /imol/1 carbachol.
When [Ca 2+ ] o was raised in the cuvette from 2 to 10 mmol/1, a [Ca 2+ ]| of 260 nmol/1 was measured in the resting cells. As shown in Figure 2A , carbachol (300 /imol/1) caused [Ca 2+ ]j to increase within 7 minutes to apeak value of 304 nmol/1. In six experiments, [Ca 2+ ]i of myocytes exposed to 10 2+ ]j was due to stimulation of muscarinic receptors. As shown in Figure 2A , additional application of atropine (1 /imol/1) reversed the carbachol effect; [Ca 2+ ], decreased slowly and reached the before-drug control level after 10 minutes (trace A). Figure 2B shows that 1 /i.mol/1 atropine alone had no effect on [Ca 2+ ]| but clearly abolished the carbachol-induced rise in [Ca 2+ ]j. To test whether transsarcolemmal Ca 2+ influx or Ca 2+ release from the sarcoplasmic reticulum was responsible for the Ca 2+ dependence of the carbachol effect, the influence of carbachol and of caffeine on [Ca 2+ ]i was determined at a very low [Ca 2+ ] 0 . Lowering [Ca 2+ ] o to 50 /imol/1 caused Ca 2+ to decline to a steady-state level of 90 nmol/1. As shown in Figure 2C , carbachol failed under this condition to increase [Ca 2+ ]j in the myocytes. In five other cell preparations bathed in 50 /imol/1 Ca 2+ , carbachol was likewise ineffective. In contrast to carbachol, however, addition of 10 mmol/1 caffeine to the cuvette induced an immediate rise in [Ca 2+ ]i ( Figure  2C ), indicating that Ca 2+ release from the sarcoplasmic reticulum was probably the mechanism of action of caffeine but not of carbachol.
To further support the conclusion that carbachol does not release Ca 2+ from sarcoplasmic reticulum, the effect of carbachol was studied in the presence of caffeine (to deplete Ca 2+ storage in the sarcoplasmic reticulum). As illustrated in Figure 3A , application of 10 mmol/1 caffeine to myocytes bathed in 2 mmol/1 [Ca 2+ ] 0 induced a rapid rise in [Ca 2+ ]j from 198 nmol/1 (before-drug control) to 318 nmol/1. After reaching a peak value, [Ca 2+ ]; decayed within 1 minute to a new steady-state level of 254 nmol/1. After [Ca 2+ ]; was stable for 4 minutes, application of 300 /imol/1 carbachol caused [Ca 2+ ]; to rise within 7 minutes to 302 nmol/1. Comparable increases in [Ca 2+ ]; were obtained in four other experiments in which the myocytes were bathed in a solution containing 10 mmol/1 Ca 2+ . As can be seen from Figure 3B , caffeine applied at a concentration of 10 mmol/1 was a maximally effective concentration because additional application of 10 mmol/1 caffeine could not induce any further change in [Ca 2+ ]j. Another approach to interfere with Ca 2+ release from sarcoplasmic reticulum was the application of ryanodine. As shown in Figure 3C caused [Ca 2+ ] f to return toward the before-drug control. Similar results were obtained in three other preparations in which the myocytes had been treated for 1 hour with 1 /u.mol/1 ryanodine. Interestingly, in cell suspensions that were incubated with 1 fimol/l ryanodine, caffeine (10 mmol/l) did not alter [Ca 2+ ]j ( Figure  3C ); this suggests that caffeine released Ca 2+ from the pool that is sensitive to ryanodine.
In correspondence with the [Ca 2+ ]| measurements, Figure 4 shows a representative record of resting force of a rat papillary muscle that was subjected to the same experimental protocol as shown in Figure 3A . To measure resting force during drug intervention, [Ca 2+ ] o had to be increased until contracture began to develop. As can be seen, resting force slightly increased upon raising [Ca 2+ ] 0 from 2 to 20 mmol/l and rapidly increased upon addition of 10 mmol/l caffeine. Similar to the Ca 2+ measurements, after reaching a peak, force rapidly declined and remained elevated thereafter. Addition of carbachol (300 /imol/1) caused resting force to rise again, reaching a steady state after 5-6 minutes. Similar results were obtained in three other papillary muscles.
The findings that the carbachol effect was not influenced by caffeine or ryanodine but was abolished in low [Ca 2+ ] 0 (50 /i.mol/1) while caffeine still released Ca 2+ suggest that the carbachol-induced rise in [Ca 2+ ]j was probably due to Ca 2+ ions entering the cell from the extracellular space. In a polarized myocardial cell, [Ca 2+ ]j can be increased by either an enhanced Ca 2+ influx through passive leak channels or a modified Na + -Ca 2+ exchange (reduction in Na + o -dependent ]i measurements, carbachol also failed to augment the Na + -withdrawal contracture induced in the quiescent rat papillary rnuscle ( Figure  5B) .
To test the hypothesis that the carbachol-induced rise in [Ca 2+ ]j might be due to an increase in a' N , via a stimulation of Na + -H + exchange by protein kinase C, the effect of 300 /imol/1 carbachol on pHj of rat ventricular myocytes was determined. As demonstrated in nmol/1 400 300
200
-[Na] 0 -free-300pmol/l carbachol in resting force of catecholamine-depeleted rat papillary muscle exposed to 10 mmolll caffeine in presence of 20 mmolll Ca 2 + . To measure changes in resting force during drug intervention, extracellular Ca 2+ concentration ([Ca 2+ ]J had to be increased from 2 to 20 mmolll. Figure 6A (and substantiated in four other preparations), pHi did not change in the presence of carbachol (mean value ±SEM for pH; of five preparations = 7.05 ±0.01). Activation of protein kinase C by the phorbol ester PMA (50 nmol/1), however, produced within 10 minutes an increase in pH; from 7.10 to 7.15 ( Figure 6B ). Similar changes in pHj were obtained in six other preparations exposed to 50 nmol/1 PMA.
Discussion
In resting rat ventricular myocytes exposed to a medium containing 2 mmol/1 Ca 2+ , a mean [Ca 2+ ], level of 182 nmol/1 was measured. This value is identical to that reported earlier by Sheu et al. ' 4 The absolute value of [Ca 2+ ]j in cardiac muscle cells as determined by quin2 or fura-2 is still an unsettled issue. In cell suspensions of adult rat cardiac myocytes, other investigators have reported values from 121 to 210 nmol/1. 17 added MnCl 2 to nonpermeabilized cells to correct for the presence of extracellular dye, while duBell and Houser 20 not only corrected for the extracellular fluorescence signal but also took account of the difference between using Mn 2+ and EGTA in obtaining F^. These corrections would give lower values of [Ca 2+ ]i. The method for determining [Ca 2+ ]i in the present study does not include these corrections. Moreover, the percentage of viable cells in suspensions also has an influence on the absolute value of [Ca 2+ ]i. For example, in cell suspensions with more than 75% viability, it has been shown that the maximal contribution due to round-shaped cells was around 20 nmol/1. 14 With these uncertainties in mind, we nevertheless feel it is justified to present numerical values of [Ca 2+ ]; because 1) the resting [Ca 2+ ]| of 180 nmol/1 in the present study is not very different from our measurements in quiescent, rod-shaped single cells using fura-2 fluorescence digital imaging microscopy (140 ± 6 nmol/1 in 49 cells) 21 or from measurements by Wier et a P (134 ± 4 3 nmol/1 for 22 cells) and 2) absolute values provide an idea about the magnitude of changes by the present experimental manipulations, that is, the increase in [Ca 2+ ]j by carbachol was around 10-100 nmol/1 and not in the micromolar range.
Application of carbachol (300 /nmol/1) to the resting myocytes resulted in a small but significant rise in [Ca 2+ ]i. This effect must have been mediated by muscarinic receptors because atropine either prevented or reversed the carbachol-induced increase. In correspondence with the [Ca 2+ ], measurements, force of contraction and contracture induced in high [Ca 2+ ] o were augmented by carbachol in rat papillary muscle. The correlation between rise in [Ca 2+ ]j in single cells and increase in contracture in well-polarized papillary muscles suggests that the change in [Ca 2+ ]| was not a result of the effect of carbachol on depolarized cells in suspension. To further verify this particular point, two experiments were carried out with digital imaging microscopy to measure [Ca 2+ ]j in single rod-shaped myocytes loaded with fura-2. In the first of two cells, [Ca 2+ ]i was 138 nmol/1 before and 160 nmol/1 6 minutes after the addition of 300 /nmol/1 carbachol. In the second cell, which was obtained from a different heart, a similar increase (19 nmol/1 as compared with 22 nmol/1 in the first cell) was found in the presence of carbachol (D.J. Williford, J. Liu, and S-S. Sheu, unpublished observations). Although still preliminary, the results provide evidence that heterogeneity of cell suspension did not create a serious problem in the present study.
There is growing evidence that enhanced hydrolysis of phosphoinositides due to receptor activation triggers Ca 2+ mobilization in various cell types, probably by the action of IP 3 on endoplasmic or sarcoplasmic reticulum. 8 Recently, Brown et al 7 have demonstrated a twofold increase in phosphoinositide hydrolysis on addition of 300 /i.mol/1 carbachol to adult rat cardiomyocytes. In addition, a similar increase in phosphoinositide hydrolysis has also been found by Poggioli et al 24 after treatment of intact rat hearts with 100 //.mol/1 carbachol. The possibility had to be considered, therefore, that the carbachol-induced rise in [Ca 2+ ]; might have been due to Ca 2+ release from sarcoplasmic reticulum. Several agents have been used to attempt to diminish sarcoplasmic reticulum Ca 2+ release in intact cardiac muscle preparations. Caffeine is generally accepted to deplete sarcoplasmic reticulum Ca 2+ stores. Depletion by caffeine has been explained by enhanced Ca 2+ release from the organelle 25 -26 and by inhibition of Ca 2+ sequestration. 27 -28 In rat ventricular myocytes, caffeine affected [Ca 2+ ]j in two phases; first, it produced an instantaneous rise in [Ca 2+ ] i; and then, after a decline, it caused [Ca 2+ ]j to remain at an elevated level. This is in contrast to observations by Hess and Wier, 28 who found by means of aequorin luminescence no detectable effect of caffeine on diastolic [Ca 2+ ]j in canine Purkinje fibers. The difference in caffeine-induced [Ca 2+ ]j accumulation may be due to a species difference. Rat ventricular myocytes seem to have a higher cytosolic [Ca 2+ ]j (182 nmol/1 in this study) than cardiac muscle cells from other mammalian species. Using quin2 fluorescence in isolated myocytes, duBell and Houser 20 reported a value of 57 nmol/1 in feline and 121 mM in rat ventricular myocardium. The comparatively high [Ca 2+ ]j in the cytoplasm and presumably in the sarcoplasmic reticulum of rat myocytes may be due to a restricted loss of Ca 2+ to the extracellular space. This explanation is consistent with the observation that force of contraction generated by rat papillary muscles remains high during rest. 29 It is conceivable, therefore, that the sustained increase in [Ca 2+ ]; during caffeine exposure may be related to the peculiarity of Ca 2+ elimination kinetics in rat heart. Because caffeine produced no change in the intensity of fluorescence in cells that were not loaded with quin2, the increase in [Ca 2+ ]i was certainly not due to alteration in autofluorescence. Increasing the concentration of caffeine from 10 to 20 mmol/1 was without effect on [Ca 2+ ];, indicating that 10 mmol/1 caffeine was a maximally effective concentration in rat cardiomyocytes. Although the extent of Ca 2+ depletion is unknown, caffeine can be expected to reduce the capability of other drugs to release Ca 2+ from the caffeine-sensitive pool of the sarcoplasmic reticulum. However, such a reduced effectiveness was not found with carbachol; the choline ester was still able to increase [Ca 2+ ], in the presence of caffeine, and neither the time course nor the amount of Ca 2+ accumulated differed from what was observed in the absence of caffeine. Besides caffeine, ryanodine has been used in skeletal and heart muscle to prevent Ca 2+ release from sarcoplasmic reticulum. However, there is controversy over how ryanodine affects the Ca 2+ movements of sarcoplasmic reticulum. It has been proposed that ryanodine primarily acts by inhibiting Ca 2+ release, 30 possibly by binding to the putative Ca 2+ channel across the sarcoplasmic reticulum. 31 Alternatively, ryanodine may accelerate the leak rate of Ca 2+ from the sarcoplasmic reticulum so that less Ca 2+ is available for release. 32 In favor of the latter mechanism is the finding that ryanodine increased Ca 2+ efflux from the resting heart, an effect that is hardly compatible with inhibition of Ca 2+ release from sarcoplasmic reticulum. 33 In addition, it has been demonstrated recently that ryanodine increases [Ca 2+ ]j of rat cardiomyocytes by releasing Ca 2+ from a caffeine-sensitive pool. 34 Although, in the present study, ryanodine abolished the caffeine-induced rise in [Ca 2+ ]j, it had no influence on the carbachol-induced increase. This finding suggests that caffeine, but not carbachol, releases Ca 2+ from a pool that is sensitive to ryanodine. In this context, it is interesting to note that Nosek et al 35 have demonstrated that application of IP3 to skinned cardiac fibers of the guinea pig enhanced Ca 2+ release from sarcoplasmic reticulum, probably from the same pool and through the same mechanism as caffeine. In addition, potentiation by caffeine of IPsinduced Ca 2+ release from sarcoplasmic reticulum has been reported recently in skinned cardiac cells from the adult rat ventricle. 36 In the present study, caffeine neither potentiated the effect of carbachol nor acted through the same mechanism as carbachol, as indicated by the experiments with low [Ca 2+ ] 0 and ryanodine. It seems unlikely, therefore, that carbachol and caffeine act synergistically by releasing Ca 2+ from intracellular stores.
Although caffeine and ryanodine failed to reduce the carbachol signal, the possibility has to be considered that the carbachol-induced increment in [Ca 2+ ]| occurred via release from sarcoplasmic reticulum through a caffeine-and ryanodine-insensitive mechanism. There are, however, two observations that seem to exclude an intracellular source for the rise in [Ca 2+ ];. First, the observation that the carbachol-induced increase in [Ca 2+ ], was abolished in Na + -free solution suggests that a Na + -dependent process was the primary event of muscarinic receptor activation. Note that in Na + -free solution, release of Ca 2+ from internal stores can still occur by caffeine. 15 An increased intracellular Na + activity had indeed been found in the quiescent papillary muscle of the guinea pig in response to muscarinic receptor activation, 12 and in one experiment was also found in rat papillary muscle (M. Korth The capability of carbachol to increase [Ca 2+ ]i in the presence of caffeine and ryanodine indicates that an increase in spontaneous oscillatory Ca 2+ release was not responsible for the carbachol effect. It has been reported that isolated cardiac myocytes from rat heart can show spontaneous oscillations. 37 -38 This seems to occur by spontaneous Ca 2+ release from sarcoplasmic reticulum of Ca 2+ -overloaded cells. Caffeine and ryanodine inhibit the spontaneous oscillatory Ca 2+ release from sarcoplasmic reticulum. 3940 Therefore, the observed carbachol effect to increase [Ca 2+ ]j cannot be due to an augmentation of spontaneous Ca 2+ release from sarcoplasmic reticulum.
A possible explanation for the carbachol-induced rise in a' Nl and, hence, [Ca 2+ ]j is activation of Na + -H + exchange. It is well known that this ion transport system is linked to protein kinase C, which in turn can be activated by diacylglycerol (in addition to IP3, another product of phosphoinositide turnover). 67 " Carbachol, however, did not measurably alter pH;, suggesting that the carbachol-induced increase in a' Ni may not be related to effects mediated through Na + -H + exchange. On the other hand, the phorbol ester PMA, which is a strong activator of protein kinase C, produced a significant increase in pHj as expected. 41 In conclusion, the present study does not support the concept that the carbachol-induced rise in [Ca 2+ ], is due to Ca 2+ release from sarcoplasmic reticulum. Rather, the results indicate that a rise in a' Na was probably the initial event that eventually leads to an increase in [Ca 2+ ]j via Na + -Ca 2+ exchange. Activation of Na + -H + exchange was not involved in the increase in a' Nl . There are three possible mechanisms by which carbachol could have increased a' Nl : 1) products of phosphoinositide turnover are somehow linked to the opening of sarcolemmal Na + -permeable channels, 2) carbachol directly activates a receptor-operated Na +permeable channel, or 3) Na + -K + pump is inhibited by carbachol. These three possibilities are currently under investigation.
Note added in proof: After submission of this manuscript, two studies have appeared. One study shows that high concentrations of carbachol (10~5 to 10" 3 M) increase Na + conductance (TajimaT, Tsuji Y, Brown JH, Pappano AJ: Circ Res 1987;61:436-445). The other study shows that ryanodine depletes Ca 2+ from sarcoplasmic reticulum and hence prevents caffeine-induced Ca 2+ release (Hansford RG, Lakatta EG: J Physiol 1987;340:453-467).
